aortic valves is calcification. Other prostheses composed of tissue-derived and polymeric biomaterials also are complicated by deposition of mineral. We have previously demonstrated that: (a) Failure due to calcification of clinical bioprosthetic valves can be simulated by either a large animal circulatory model or subderma1 implants in rodents. (b) Calcification of bioprosthetic tissue has complex host, implant, and mechanical determinants. (c) The initial calcification event in the rat subdermal model is the mineral deposition in devitalized cells intrinsic to the bioprosthetic tissue within 48 to 72 h, followed later by collagen mineralization. (d) Initiation of bioprosthetic tissue mineralization, like that of physiological bone formation, has "matrix vesicles" as early nucleation sites. (e) Alkaline phosphatase (AP), an enzyme also associated with matrix vesicles involved in bone mineral nucleation, is present in both fresh and fixed bioprosthetic tissue at sites of initial mineralization. ( f ) Certain inhibitors of bioprosthetic tissue calcification (e.g., A13+, Fe") are localized to the sites at which alkaline phosphatase is present. On the basis of these results, we hypothesize that alkaline phosphatase is a key element in the pathogenesis of mineralization of bioprosthetic tissue. In the present studies, we focused on the relationship of AP to early events in calcification, and the inhibition of both calcification and AP activity by FeC13 and A1C13 preincubations. Subdermal implants of glutaraldehyde pretreated bovine pericardium (GPBP) were done in 3-week-old rats. AP was characterized by enzymatic hydrolysis of paranitrophenyl phosphate (pnpp), and by histochemical studies. Calcification was evaluated chemically (by atomic adsorption spectroscopy) and morphologically (by light microscopy). The results of these studies are as follows: (a) Extractable AP activity is present in fresh but not glutaraldehyde-pretreated bovine pericardial tissue. However, histochemical studies reveal active AP within the intrinsic devitalized cells of GPBP, despite extended glutaraldehyde incubation. (b) Extrinsic AP is rapidly adsorbed following implantation, with peak activity at 72 h (424 & 67.2 nm pnpp/mg protein/ min enzyme activity [units] ), but markedly lesser amounts at 21 days (96.8 & 3.9 units). (c) Simultaneously to the AP activity maximum, bulk calcification is initiated, with GPBP calcium levels rising from 1.2 ? 0.1 (unimplanted) to 2.4 & 0.2 pg/mg at 72 h, to 55.6 ? 3.1 pg/mg at 21 days, despite a marked decline in AP activity at this later time. (d) Preincubation of GPBP in either FeC13 or A1C13, at concentrations (0.1 M) which inhibited GPBP calcification, significantly reduce AP activity. We conclude that endogenous AP activity is present but not extractable in unimplanted GPBP fixed for extended periods. However, concurrent with the time of the onset of GPBP calcification in the rat subdermal model, AP adsorbed following implantation rises sharply to a maximum, thereby augmenting intrinsic enzyme. Preincubations of GPBP in either AICIJ or FeC13 not only prevent calcification, but also result in reduction in AP activity. These results strongly suggest that AP is an important cofactor in the mechanism of bioprosthetic valve mineralization and may be a fruitful target for anticalcification treatments.
INTRODUCTION
Deposition of calcium phosphates and other calcium salts (calcification) in and on biomaterials affects a wide variety of medical devices (reviewed in Refs. 1-3). Calcification is the principal cause of the clinical failure of heart valve bioprostheses fabricated from glutaraldehyde-pretreated porcine aortic valves and is an important complication of valves made of glutaraldehydepretreated bovine peri~ardiurn.'-'~ The failure rate of porcine aortic valves is approximately 50% at 12-15 years, with >75% of failures resulting from calcification-induced stenosis or tearing (Fig. 1 ).6-10 In addition, calcification limits the use of valved human aortic homografts and bioprostheses, fabricated from dura mater and fascia lata,"" and has kept trileaflet polymer valves from the Furthermore, the polyurethane bladders of experimental ventricular assist systems and artificial hearts calcify, leading to significant functional limitation that could eventually be of clinical import a n~e .~"~-'~ Calcific deposits also complicate contact lenses, intrauterine contraceptive devices, and urinary tract prostheses.
This manuscript derives from a decade of collaboration between two of us (RJL and FJS), focused on describing, understanding, and ultimately preventing bioprosthetic heart valve and other biomaterials calcification. In the first part of this communication, a contemporary review emphasizing our previous work on calcification defines the rationale of the second part, a study of a potentially critical factor in the mechanism of mineralization. This investigation extends the analogy between pathologic (dystrophic) calcification of bioprosthetic tissue (BPT) and physiologic mineralization of skeletal tissue, suggesting important directions for investigation and potentially prevention of biomaterials mineralization processes in general.
REVIEW OF PREVIOUS WORK AND RATIONALE
Simulation of clinically observed calcification pathology by animal models Experimental models of BPT calcification include orthotopic tricuspid or mitral valve replacements or conduit-mounted valves in juvenile sheep or calves, and heterotopic tissue samples implanted either subdermally (subcutaneously) from outflow aspect, of removed stenotic valve, demonstrating large calcific nodule (arrow). (B) Close-up photograph of valve with early bioprosthetic valve mineralization, illustrating intrinsic calcific deposits, with focal ulceration through the surface (arrow). (C) Composite radiograph of calcified porcine valve bioprostheses, demonstrating the various levels of mineralization, 1+ thru 4+. Top, uncalcified (0), 1+, and 2 + . Bottom 3+, 3+, and 4+. Specimens illustrated are Hancock porcine valves, except the bottom row, middle, which is a Carpentier-Edwards porcine valve. [(C) Reproduced by permission from F. J. Schoen et al., "Chemically determined mineral content of explanted porcine aortic valve bioprostheses: correlation with radiographic assessment of calcification and clinical data," Circulation, 76, 1061 (1987).] or in and around the heart (reviewed in Refs. 2,6, and 8). In both circulatory and subcutaneous models, BPT calcifies progressively, with morphology similar to that observed in clinical specimens, but with markedly accelerated kinetics. Valves implanted into sheep or calves calcify extensively in 3 to 6 months, compared with the several years normally required for calcification of clinical bi~prostheses.*~'~~~~-'~ Even more dramatic acceleration is achieved in subcutaneous implants of BPT in young rats, in which levels comparable to those of failed clinical explants (200-225 pg calcium/mg tissue) occur in 8 weeks or
The similar morphologic progression of calcification in different experimental models and in clinical bioprostheses suggests a common pathophysiology, independent of implant site, and dependent only on exposure of a susceptible substrate to a permissive environment. This concept, critical to evolving hypotheses for the pathophysiology of BPT calcification, does not exclude a possible regulatory role of either blood-borne substances or mechanical factors. We have utilized the subcutaneous implantation model extensively as a technically convenient, economically advantageous, and quantifiable model for investigating the pathobiology of mineralization, as well as for screening and understanding mechanisms of potential strategies for mineralization inhibition.
Determinants of bioprosthetic tissue mineralization
Calcification of BPT (and indeed, likely of biomaterials in general) depends on host, implant, and biomechanical factors (reviewed in Refs. 6-8). Host and implant factors are discussed in detail below (Table I) . Moreover, clinical and experimental studies strongly suggest that dynamic mechanical stress and strain promote calcification (reviewed in 22 ). Calcification of bioprosthetic valves is most pronounced in areas of leaflet flexion, where deformations are maximal (i.e., cuspal commissures and bases). However, because subcutaneous implants calcify with a morphology analogous to that observed in clinical and experimental circulatory implants, dynamic stress promotes, but is not a prerequisite for, calcification of BPT. This suggests that metabolic and implant factors alone are both necessary and sufficient. Nevertheless, calcification of subcutaneous BPT is enhanced in areas of tissue folds Yorke, New York, 1986, p. 418. and bends;' demonstrating that static mechanical deformation also potentiates mineralization. The mechanisms by which stress enhances calcification are presently uncertain.
Host metabolic factors regulate the rate of BPT mineralization (reviewed in Refs. [6] [7] [8] . For example, young age and renal failure potentiate mineralization. In the rat subcutaneous model, in which BPT implanted in 8-month-old rats accumulate 4 5 % of the calcium accumulated in implants in 3-week-old recipients, the clinically observed age dependence of calcification rate is simulated." The specific basis for age-dependent kinetics is uncertain.
Neither nonspecific inflammation nor specific immunological responses appear to mediate BPT calcification. Tissue reaction to circulatory and subcutaneous porcine or pericardial valve implants is a classic foreign body reaction, primarily composed of nonlymphocytic mononuclear cells, particularly ma~rophages.~~"'~~'' Inflammatory cell penetration into BPT and host cell reaction to mineral deposits are generally minimal. Inflammation induces neither mineral deposition nor r e~o r p t i o n . 4 , "~~,~"~~ Moreover, neither the extent nor the morphology of mineralization in rat subcutaneous implants is altered by enclosure of valve cusps in chambers that prevent host cell contact with tissue, but allow free diffusion of extracellular fluid.'' In addition, BPT calcifies to the same extent whether implanted in immunologically competent hosts or congenitally athymic ("nude") mice, who have essentially no T-lymphocyte f~nction.'~ These experimental findings are supported by clinical data that show that second bioprosthetic heart valve replacements fail no sooner than initial replacement^.^^ Although several experimental studies have suggested that BPT remains imm~nogenic,2"~~ despite both high collagen content and crosslinking, the presence of an immunological response has never been related to mineralization.
Although an inhibitory effect on mineralization of sodium warfarin was suggested by a retrospective study of patients with clinical bioprosthetic valves2" and an experimental investigation of elastomeric blood pump sacs,13 we have been unable to demonstrate an inhibitory effect of warfarin on BPT calcification either in the calf circulatory system16 or the rat subcutaneous space," or on calcification of functioning cardiac assist device bladders.16
Tissue preparation is an important determinant of the propensity of BPT to calcify (reviewed in Refs. [6] [7] [8] . In rat subcutaneous implants, pretreatment of BPT with an aldehyde crosslinking agent is a prerequisite for calcification; nonpreserved cusps do not m i n e r a l i~e .~"~~ Glutaraldehyde-treated porcine aortic valve and bovine pericardium calcify comparably with respect to kinetics, extent, and m~r p h o l o g y "~~~~~' (Fig. 2) . This suggests that the fundamental mechanisms of bioprosthetic tissue mineralization depend on specific biochemical modifications of implant microstructural components induced by aldehyde pretreatment.
Localization and mechanisms of crystal formation
The morphological features of experimental BPT mineralization are summarized in Figures 3 and 4 the earliest mineral deposits in both clinical and experimental BPT are localized to transplanted connective tissue cells, but not extracellular collagen fibers; collagen involvement occurs later. '7,'9,29,30,31 As the implant period increases, cell-associated deposits increase in size and number and dissect among collagen bundles. Analogous to the morphology of clinical valve failures, gross nodules focally obliterate implant architecture and ulcerate through the cuspal ~u r f a c e .~ These nodules result from proliferation of nucleation sites, crystal growth, and progressive confluence of diffusely distributed microcrystals.
The earliest events in mineralization of BPT connective tissue cells are hypothesized to result from glutaraldehyde-induced cellular "devitalization" and resulting disruption of cellular calcium Intact living animal cells have low intracellular free calcium concentrations (approximately M), while extracellular free calcium is much higher (approximately W3 M), a 10,000-fold gradient across the plasma membrane. In healthy cells, internal calcium is maintained low by energy-requiring metabolic processes, such as plasma membrane-bound Ca2+-ATPase, which uses the energy of ATP hydrolysis to pump Ca2' out of the cell, and intracellular binding by soluble cytosolic or membrane-bound proteins. Moreover, in membrane-bound organelles such as mitochondria, calcium and phosphorus levels are relatively high, and the organellar and plasma membranes themselves contain considerable phosphorus, largely as phospholipids. These sources of phosphorus are the observed sites of early BPT mineralization. We hypothesized that passive calcium entry probably occurs unimpeded in cells modified by aldehyde crosslinking, mechanisms for calcium removal are no longer functional.'' In this model, calcium influx would contribute to apatite formation by reacting with compartmentalized, bound phosphorus. Early crystal nuclei would progressively accumulate additional mineral, eventuating in macroscopic calcific deposits. This sequence is summarized in Figure 5 .
In support of the above hypothesis, we have demonstrated, using a newly available technique called electron energy loss spectroscopy (EELS), focally high concentrations of intracellular phosphorus in unimplanted, glutaraldehyde-preserved porcine aortic valve and bovine pericardium. Calcium accumulates in the tissues, with the formation of calcium phosphate deposits at cellular sites, as early as two days following implantation in rats (Fig. 6) .32
Collagen calcification, commonly noted in calcified clinical retrievals, occurs later in the course of experimental subdermal BPT calcification than cell-oriented m i n e r a l i z a t i~n~~,~~; it is unknown whether collagen deposits are related to contiguous cell-oriented mineral deposition, or arise independently. However, since calcification of aldehyde-crosslinked Type I collagen 
Similarity of bioprosthetic valve mineralization (and other pathologic calcifications) to physiological mineralization, and the potential role of alkaline phosphatase
Pathological calcification in the "calcific diseases" (e.g., degenerative calcific aortic stenosis, atherosclerosis) and the normal (physiological) calcifica- tion of skeletal and dental tissues share important feature^."^^-^^ In both, initial mineral deposits are poorly crystalline apatitic mineral, highly insoluble in body fluids at physiological pH. Such crystals are able to proliferate in serum concentrations of calcium and phosphate, with precipitation of new crystals on nuclei provided by initial deposits. In both pathologic and physiologic mineralization, cell and collagen crystal deposits are ultimately present. Moreover, nearly all forms of cell-oriented calcification occur by crystal formation on cell membranes, usually in the form of extracellular vesicles.35r36 Mineral initiation in developing bones, in the dentin of teeth, and in the epiphyseal growth plate cartilage of long bones results from the deposition of apatite crystals within and upon extracellular "matrix vesicles," structures that have both a high concentration of calcium-binding acidic phospholipids within their membranes, as well as a high activity of phosphatases, especially alkaline phosphatase (AP).2,35,36 Moreover, pathological calcification processes, including calcific degeneration of aged aortic valves37 and mineralization in atherosclerotic plaque:* also are associated with matrix vesicle-like cell fragments.
AP-mediated phosphoester hydrolysis has been hypothesized to facilitate mineralization by several possible mechanisms, including increasing regional phosphate concentrations at potential initial calcification sites and degradation of endogenous inhibitors of calcification, such as pyrophosphate and pho~phocitrate.~~ The importance of AP in physiological mineralization is exemplified by a recent demonstration that a genetically defective AP, produced by a missense mutation in the AP genome, causes the grossly defective mineralization typical of the disease hypoph~sphatasia.~~ Because bioprosthetic valve mineralization, other pathological cardiovascular calcifications, and physiological mineralization are largely initiated in cell-derived membranous structures, and because AP likely has an important function in mineral nucleation in bone, we hypothesize that AP might contribute to mineralization of BPT. Following glutaraldehyde crosslinking, bovine pericardium retains histochemically demonstrable AP hydrolytic activity localized to the membranous cell remnants known to be the initial sites of mineralization4' (Fig. 7) . This not only has implications with regard to mechanisms and potential prevention of bioprosthetic tissue calcification, but also refutes the widely held view that all metabolic activities characteristic of viable tissue are destroyed in the fabrication and preimplantation storage of bioprostheses.
Further studies, preliminary to the work described below, indicate that histochemically demonstrable AP is in (a) bovine pericardium pretreated in glutaraldehyde for as long as 82 days, albeit diminished in intensity (despite inability to chemically extract enzyme at this juncture); (b) fresh porcine aortic valve; and (c) glutaraldehyde-pretreated porcine valve implanted 5 months in a sheep. In the latter experiment, the predominant enzyme activity present at explantation appeared to be in a superficial portion of the valve cusp, possibly in adherent cells and/or tissue. These results are summarized in Figure 8 . ) . However, there is considerably less alkaline phosphatase in the tissue incubated for 82 days (C), in which the staining is faint (arrow), relative to that in the fresh tissue (A). Moreover, alkaline phosphatase accumulated extrinsically in the tissue removed during function (E) suggests that activity arises, at least in part, from recipient enzyme. Original magnification (A)-(E) 3 7 5~.
Inhibition of bioprosthetic tissue mineralization: Alkaline phosphatase neutralization may be an important mechanism
Strategies for prevention of BPT mineralization involve modifications of either the implant or its local environment. Experimental studies thus far have concentrated on either cuspal pretreatment with detergents or diphosphonate compounds, or systemic or local therapy of the host with diphosphonates (Table 11) (reviewed in Refs. 2, [6] [7] [8] . Diphosphonates, used to treat some metabolic bone diseases, are synthetic pyrophosphate analogs that probably inhibit calcification by binding to developing hydroxyapatite crystals, thereby restricting crystal Daily subcutaneous injections of ethanehydroxy diphosphonate (EHDP) nearly completely inhibit calcification of subcutaneous BPT implants, but cause retardation of somatic growth and generalized disruption of bone development in the recipient rat.42'43 However, local controlled-release administration of EHDP by osmotic minipump or controlled-drug-release matrices prevents calcification without adverse systemic effect^.^"^^ Subsequent studies have been directed toward optimizing controlled release of diphosphonates for BPT mineralization inhibiti~n.~~-~' In addition, near-complete inhibition of mineralization has been achieved by enhancing the efficiency of cuspal pretreatment by covalent linkage of aminopropane diphosphonate (APDP) to residual aldehyde groups in the glutaraldehyde-pretreated BPT?2,53 Although pretreatment in sodium dodecyl sulfate (SDS) also significantly inhibits calcification of BPT implanted subcutaneously in rats, results in experimental circulatory models have been inconsistent (reviewed in Refs. 2, 6-8).
Preincubation of glutaraldehyde pretreated BPT in aqueous solutions of either A1C13 or FeC1, inhibits calcification in rat subdermal s t u d i e~.~~,~ The ra- tionale for these experiments was based on observations by others that both aluminum and iron can be contributory to osteodystrophy in patients on chronic h e m~d i a l y s i s .~~~
The mechanism of action of iron and aluminum inhibition of BPT calcification is presently ~n c e r t a i n .~~-~' However, our studies using special staining methods (for A1 and Fe) and EELS suggest that mitigation of mineralization derives from the association of aluminum or iron with devitalized cells in glutaraldehyde-pretreated BPT, the sites of initial calcification (Figs. 9, As AP is also associated with these sites, and because AP activity has been shown to be inhibited by metallic ions, we hypothesize that aluminum or iron or both inhibit calcification through neutralization of alkaline phosphatase, at least in part. The above hypotheses form the basis for the investigation described below.
EXPERIMENTAL

Materials
Electron microscopy grade glutaraldehyde was obtained as an 8% aqueous solution (Polyscience, Warrington, PA). The buffer used for crosslinking was prepared with 0.05 M N-2-hydroxyethylpiperazine-N'-2-ethanesuIfonic acid (HEPES, Sigma Chemical, St. Louis, MO) with 0.1 M NaCl (J.T. Baker, Inc., Phillipsburg, NJ). Reagent grade FeC13, A1C13, and MgS04 were obtained from Mallinckrodt (Paris, KY). 2-Amino-2-methyl-1-propanol (2A2MIP), secbutanol, p-nitrophenyl phosphate (pnpp), and p-nitrophenol (pnp) were also obtained from Sigma.
Parietal pericardium was obtained at slaughter from mature bovines and placed in 0.6% glutaraldehyde in 0.05 M HEPES buffer (pH 7.4). After 24 h, the glutaraldehyde pretreated bovine pericardium (GPBP) was transferred to 0.2% glutaraldehyde in the same buffer and stored at 4°C for 1 to 4 weeks prior to US^.'^^^^^^ Extractable AP enzymatic activity (see below) was assayed after 96 h in glutaraldehyde, and then once weekly after 8 weeks of storage.
Implant and explant methods
All animals received humane care in compliance with established guidelines, as approved by the Animal Use Committee at the University of Michigan, Ann Arbor, Three-week-old (50-60 g) male Sprague-Dawley rats (CD strain; Charles River Laboratories, Burlington, MA) used for the temporal study were fed Rodent Laboratory Chow (Purina Mills, Inc., St. Louis, MO). The rats were anesthetized by an intramuscular injection of xylazine and ketamine hydrochloride. Ten subdermal pouches at least 2 cm apart were dissected on each rat (6 ventral, 4 dorsal). GPBP specimens were cut into squares approximately 1 cm x 1 cm and washed in distilled water to remove residual glutaraldehyde. One GPBP specimen was implanted in each pouch and the wound stapled.
Three rats were sacrificed by COz asphyxiation at 24,36,48, and 72 h, and 7,14,21,30,60,90, and 120 days. Explanted GPBP were analyzed for calcium and AP (see below). A representative portion of each GPBP explant was placed immediately in Karnovsky's fixative6' at pH 7.2 for morphological analysis, and a piece at 24 and 72 h and 21 days was frozen for histochemistry. Remaining GPBP specimens from each rat were pooled, exhaustively washed in saline and distilled water, lyophilized overnight, minced into a course powder, and frozen (-20°C).
Additional GPBP implants with inhibitors
Additional implants were done in which GPBP was preincubated in aqueous solutions of either FeC13 or AlC1, to assess the effects on AP activity. We have previously shown that concentrations below 0.001 M for AlCl, and 0.0001 M for FeC1, have a minimal effect on GPBP calcification in the rat subdermal Thus, GPBP specimens were preincubated in either 0.1 M or 0.00001 M A1C13, or 0.1 M or 0.00001 M FeCl,, for 24 h at 25"C, and implanted as above. Implants were retrieved 21 days after implantation.
Extraction and analysis of alkaline phosphatase (AP)
Samples (25-30 mg) of the explanted freeze-dried and powdered GPBP tissue were homogenized with a mortar and pestle using 1.0 mL sec-butanol and 2.0 mL distilled water. The liquid was removed, and the homogenization and extraction in water and butanol was repeated twice. Extracts were pooled and centrifuged for 10 min at 1500 g. The aqueous layer was removed and the protein concentration determined by molybdenum complexation using human serum albumin as a standard.66 AP extraction procedures were also done on samples of fresh bovine pericardium, and unimplanted GPBP samples preincubated in glutaraldehyde for durations ranging from 24 h to 8 weeks.
The assay for AP was based on the enzymatic hydrolysis of the substrate, p-nitrophenyl phosphate to p-nitrophen01,6~ which was measured quantitatively using visible light spectroscopy at 405 run. The buffer used for the enzymatic reaction was composed of 1.07 nM MgS04 in 0.964 M 2-amino-2-methyl-l-propanol (2A2MlP; Sigma) adjusted to pH 10.4. The substrate was prepared at a concentration of 150 nM in distilled water. One hundred microliters of the extracted enzyme solution was added to 2.86 mL 2A2MlP. This was allowed to incubate in a 37°C waterbath prior to the addition of substrate. While this was vortexing, 40 p L substrate were added and the reaction mixture was placed immediately in a constant temperature-jacketed cuvette holder (Perkin Elmer, Model C 550-0108; Norwalk, CT) at 37°C. Absorbance was measured using a Lambda 3B Spectrophotometer (Perkin Elmer). Background tubes consisting of substrate and buffer were used to correct for any autohydrolysis of the substrate. The spectrophotometer was linked to an Equity I computer (Epson Corporation, Model Q501A, Nagano, Japan) via an Rs232C Interface (Perkin Elmer, Model C 618-0340). A simple program was developed to record the absorbance and time every 20 s for a duration of 5 min. By altering the amount of substrate and maintaining the total assay volume at 3.0 mL, substrate concentrations were varied from 1 to 10 nM. A standard curve of pnp (Sigma) was prepared with which to compare the absorbances and ranged from 0 to 70 pM. The slope of the linear portion of the absorbance vs. time curve provided a rate of formation which, when divided by the protein concentration, gave activity in nm pnp/min/mg protein.
Calcium analysis
For each specimen, samples (3-5 mg) of the GPBP freeze-dried powder preparation were hydrolyzed in 6 N HCl (J.T. Baker Chemical Co., Phillipsburg, NJ) as previously d e~c r i b e d , l "~"~"~~ and assayed for calcium using atomic absorption spectroscopy.
Enzyme histochemistry
For morphologic demonstration of AP, 10-pm-thick sections of untreated and GPBP were cut with a cryomicrotome, mounted on glass slides, and airdried at room temperature. Sections were incubated at 37°C for 30 min in a medium for AP modified from Gomori'j8 containing 50 mL of 5 mM MgCl, in distilled water, 1 mL Napthol AS-MX phosphate in pH 10.5 buffer (Sigma), and 25 mg Fast Red TR or Fast Blue RR (Sigma).40 Following incubation, sections were rinsed, counterstained, and mounted.
RESULTS
Alkaline phosphatase activity was reproducibly extractable from fresh bovine pericardium (30.4 f 6.8 nm pnpp/min/mg protein), but was not detectable chemically in bovine pericardium af ter glutaraldehyde fixation for as little as 24 h. Recall, however, that enzyme can be demonstrated histochemically following 82 days incubation of bovine pericardium in glutaraldehyde (Fig. 8) . Moreover, AP enzymatic activity accumulated rapidly within 48 to 72 h following subdermal implantation of GPBP into rats (Fig. 11) . Extractable AP activity rose sharply to a peak at 72 h, then declined to near baseline levels by 21 days. Figure 11 also demonstrates, as in previous studies, that onset of calcification could be detected between 48 and 72 h. Mineral deposition progressed to maximal bulk mineral accumulation at 120 days, when AP activity was at a reduced and stable level. Thus, the maximal AP activity correlated with the onset of mineralization, but calcification progressed despite stable or falling AP levels.
Histochemical studies revealed that 24-and 72-h explants have intense AP activity adsorbed into and near the surface of the GPBP, likely associated, at least in part, with host cells adhering to the surface of the implant (Fig. 12) . In general, enzymatic staining in explants was not associated with preexisting intrinsic cuspal cells. This is in marked contrast to our reported morphologic studies utilizing light and electron microscopic enzyme-specific histochemistry which demonstrated AP activity localized exclusively to the devitalized intrinsic GPBP cells, which was qualitatively comparable to the AP activity seen in the microscopy studies of fresh bovine pericardium (recall Fig. 7) . By 21 days following implantation, at which time AP activity had declined (Fig. ll) , histochemically demonstrable AP was also qualita- tively much less intense, though visible, at the cuspal surface. Correlation of chemical and morphological results is summarized in Table 111 . Explant analyses of GPBP pretreated in either A1C13 or FeC13 revealed that the level of extractable AP activity was markedly reduced by preincubation concentrations (0. 1 M) of these salts sufficient to suppress calcification (Fig. 13) . Suppression of AP activity by 0.1 M FeCI3 preincubation (to 4 0 % of original) was more profound than that noted with the same concentration of A1C13 (which reduced AP to approximately 25% of original). Nevertheless, the extent of inhibition of calcification was comparable for incubations in 0.1 M FeC13 and 0.1 M A1C13. Reduction in extractible AP activity and inhibition of calcification correlated with loss of histochemically demonstrable enzyme activity in the 0.1 M AlC13 GPBP (Fig. 14) . More dilute preincubations, in either 0.00001 AICl, or 0.00001 M FeC13, did not significantly inhibit calcification, although these preincubations did mildly reduce the level of AP activity compared to control (see Fig. 13 ).
DISCUSSION
The present study has two primary results: (a) concurrent with the onset of mineralization of bioprosthetic tissue, AP content sharply increases; the enhanced activity is localized to the tissue surface, probably associated with inflammatory cells, thereby augmenting the intrinsic enzyme activity we previously described4'; and (b) intrinsic alkaline phosphatase is neutralized by incubations of bioprosthetic tissue in A1C13 and FeCl,, treatments which we have shown to markedly reduce m i n e r a l i z a t i~n .~~,~
Alkaline phosphatase and the mechanism of bioprosthetic tissue calcification
Calcification of bioprosthetic tissue is initiated in association with devitalized cellular structures, a process analogous to the normal mineralization of matrix vesicles noted in skeletal t i s s~e s .~"~~-~~ Matrix vesicles are cell-derived, 100-2OO-nm-diameter, membrane-invested particles, ideally adapted to serve as initial sites of mineralization. Matrix vesicle membranes have phosphatases capable of hydrolyzing naturally occurring organic phosphoesters (e.g., ATP and pyrophosphate) to PO, (orthophosphate for use in calcium-phosphate formation). These enzymes include not only AP, but also ATPases, pyrophosphatase, 5'-nucleotidase, p-nppase and nucleoside triphosphate pyrophosphoh y d r o l a~e .~~,~~,~~ Moreover, matrix vesicles concentrate calcium by means of high levels of Ca-binding acid phospholipids and have a membrane-invested internal microenvironment which can protect relatively soluble early mineral nuclei. Our finding of intrinsic AP activity associated with devitalized cells of GPBP imply a mechanistic role in early mineral nucleation in bioprosthetic tissues similar to that of AP in matrix vesicles of physiological calcification.
Our data suggest that the activity of intrinsic AP is augmented by extrinsic AP from the recipient, resulting in a marked increase in AP activity in the first 72 h of the GPBP rat subdermal implants, during which calcification is initiated. These data suggest that onset of calcification could involve both intrinsic AP activity associated with the site of the initial calcific deposits, and adsorbed extrinsic AP, which could accrue from inflammatory cells or serum, or both. Adsorbed AP could serve to provide a rapid rise in regional internal phosphate concentration sufficient to trigger calcium phosphate formation in devitalized cells. This is analogous to physiological mineralization in which matrix vesicle calcification occurs in synchrony with a peak in AP activity, but which then declines as bulk mineralization p r o g r e~s e s .~~ GPBP and porcine aortic valve tissue contain phosphorus loci within devitalized cellular structures, e.g., plasma membranes, nuclei, and mitochondria; no comparable localization of calcium is noted.32 Following implantation, calcium influx into the phosphorus-rich regions occurs between 24 and 72 h, coincident with formation of the first mineral n~c l e i . ' "~"~~ Devitalized cells, such as those which have been exposed to glutaraldehyde fixation procedures, are not able to actively reverse the influx of ionic calcium into the phosphorus-rich cellular structures, thereby yielding crystals of calciumphosphate mineral. Furthermore, the activity of AP, both extrinsic and intrinsic, combined with this Ca2+ influx, very likely potentiates the formation of calcium phosphate salts. At these sites, AP (and likely other enzymes), both intrinsic and extrinsic, likely act by hydrolyzing phosphoesters present at the GPBP phosphorus-rich cellular loci, thus yielding free phosphate available to bind with incoming calcium, leading to calcium-phosphate crystallization. As with matrix vesicles, once the site-specific nucleation of a few seed crystals is completed, the crystal nuclei in bioprosthetic tissue serve as templates for new crystal proliferation, as a result of permissive concentrations of Ca2+ and PO:-, and the local. This phase of crystal proliferation is essentially a phys-iochemical process, capable of regulation by promoters or inhibitors in these extracellular compartments, e.g., sufficient Ca2+ and P043-and collagen, or low Ca2+/P0:-, respectively and noncollagenous calcium binding proteins, such as proteoglycans, phosphoproteins and gamma carboxyglutamic acidcontaining protein^.^^ Alkaline phosphatase and the mechanism of FeC1, and AlC1, inhibition of GPBP calcification which requires the cooperative binding of Mg and Zn for its activity, and Fe and A1 could compete for the metal binding sites. This may reduce AP activity and contribute to delayed onset of mineralization. Furthermore, A1 and Fe may act to interfere with AP and perhaps the AP contribution to mineralization by multiple independent mechanisms. For example, A1 and Fe preincubations would be predicted to interfere with intrinsic AP activity (i.e., that localized to devitalized GPBP cells), perhaps by mechanisms described above, and thus inhibit AP activity at sites where calcification is typically initiated. In addition, A1 and Fe may also interfere with the uptake of AP, thereby perhaps blunting or eliminating the early rise in AP activity.
Alkaline phosphatase: Implications for biomaterial implant calcification
Is AP relevant to clinical bioprosthetic valve calcification? Clearly, further studies will be required to answer this question definitively. Nevertheless, augmentation of intrinsic AP activity by adsorbed extrinsic enzyme might explain the relative time course of calcification in rat subdermal model implants (peak in several weeks), circulatory implants in large animals (peak in several months), and human valves (several years or more). The observed level of extrinsic inflammatory cells in the vicinity of (though not necessarily requiring direct contact with) the different implant sites is consistent with this notion. Moreover, perhaps progressive loss of intrinsic enzyme activity accounts for the observation that outdated clinical valves implanted in animals calcify at a reduced rate, relative to recently prepared valves.77 Furthermore, perhaps serum alkaline phosphatase could be a marker for patients likely to have accelerated mineralization. Interestingly, children (or young rats), who calcify bioprosthetic valves at a markedly accelerated rate, have higher serum levels of alkaline phosphatase than do adults (or older rats).78r79
Adsorption of extrinsic AP might be important to other types of biomaterial implant calcification. AP is present in blood, extracellular fluid, and urine and, therefore, AP could be readily adsorbed on and absorbed into many implantable biomaterials. For example, calcification of polyurethane in valves, artificial hearts and ventricular assist systems usually occurs in association with the deposition of devitalized cells and cellular debris:' and perhaps adherent blood platelets, which also contain high levels of AP activity. Thus, absorbed AP could facilitate polyurethane calcification, intrauterine contraceptive device mineralization, contact lens calcification, and urinary prosthesis encrustation.
Strategies for preventing biomaterial calcification could be based on AP inhibition. Some alkaline phosphatase inhibitors interfere with physiologic mineralization. For example, levamisole, a reversible noncompetitive inhibitor of AP, inhibits the mineralization of cartilage in organ culture, whereas its stereoisomer, dexamisole, inhibits neither AP nor cartilage mineralization." Calcification inhibitors described previously for bioprosthetic valves might act in part through effects on alkaline phosphatase-dependent mechanisms. For example, sodium dodecyl sulfate (SDS), used to extract and purify A P : ' may act by removing part or all of the intrinsic AP present in the bioprosthetic tissue, rendering it temporarily less calcifiable until additional absorption can take place. Variable absorption could account for the disparate results of several reported studies (reviewed in Refs. 2,6-8). Diphosphonates inhibit alkaline phosphatase (83); diphosphonates are structurally related to pyrophosphate, a well known physiologic inhibitor of calcification and also an AP substrate, whose anticalcification potential is neutralized by AP. Preventing of AP uptake by biomaterial surface modification might lead to reduction in pathologic calcification.
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